Introduction
Three-dimensional electromagnetic codes which solve Maxwell's equations in the frequency domain are powerful numerical tools in design of RF cavities. Frequencies of TE and TM modes as well its values of R/Q and Q due to wall losses can be calculated accurately with codes such as MAFIA. ' The major limitation of these codes is their inability to calculate directly the electromagnetic behavior of externally loaded cavities since there can be no net energy flow across the boundaries of the model structure.
Time domain 3-D codes are capable of calculating output power flow into external waveguide, but at the expense of extremely long run time.
LVe have developed two simple methods to calculate the power transport through an external waveguide of a loaded cavity utilizing the RF parameters obtained from the frequency domain codes. In the first method the external power loss through an open waveguide is exprcsscd in terms of equivalent circuit coupljng parameters between a closed waveguide and a cavity to which it is connected. As we shall SW, this equi\alrnt circuit approach is limitrd in its applicability only to structures with high loaded Q values, say, Q1, > 200. In the second method, the power llow through an external wavcguide is calrulatcd from an analysis of the electromagnetic field components of the standiug waves in the closed wavcguidc-cavity structure. Our models make use of the hlAFI.4 code to ohtain values of structural parameters and fields when an external waveguide is abruptly terminated with a metal surface. A typical model consists of an output cavity attached via an iris to a short waveguide section ended with a conducting cap. Our methodologies of calculating the loaded Q[, in terms of the parameters of the closed waveguide-cavity model arc described in the following sections. \Z'e have obtained reasonable and encouraging results for several loaded cavities whose values of QL liavr hwn experimentally mrasured Of particular interest is tht application to low-Q structures such as thr rclativibtic klystron output cavities. The electromagnetic firld method yklds good agreement with cxpcrimrntal meaSurrmEnt.s. This method has also been successfully applkd to high gradient accelcrating structurcx with slots for damping out highrr modes as rcrcntly proposed by Paln~er.2
Equivalent

Circuit
Approach
The main assumption in this model is that a closed cavitywavt>guidr structure can be considered as two separate equivalent circuits, each with a capacitor Ci, an inductor Li, and a series resistor II,. which describes the wall losses. When the iris connecting the cavity and the waveguide is opened. the two circuits arc combined and coupled through a lnutual inductance (m) and a mutual capacitance (c) \vllich tog+,thc,r account for the gap voltage across the iris. This t-quivalent circuit is shown in Fig. 1 . The circuit parameters for a given mode can br related to the frrclucncy, shunt impedance 17 and n/Q of the closed cavity-waveguide structure?. The cavity parameters are det'incd in the usual way by:
Fig. I. Equivalent circuit for closed waveguid+cavity Fig. 3 . Equivalent circuit for opened waveguide-cavity.
where w is the frequency of a given mode, II is the stored energy, P is the power dissipation due to wall losses, 1: is the speed of the particles passing through the cavity, E, is the component of the electric firlId along the direction of the beam.
In order to calculate m, we run MAFIA with a finite closed scction of the waveguide attarhed to the cavity via an iris. Nrglccting the series resistances R, which are much smaller than all the other impedances, we find the resonant frequency ~JH for the equivalent circuit shown in Fig. 1 by the relation:
for m* < L,Lz. In Eq. 5, w1 and ~2 arc the frequencies of the respective circuits of the cavity and waveauide. Also, WC have assumed that mutual inductance is the dominant coupling. The circuit parameters L1 and C, of the cavity are related to the frecplency and (n/Q)l by:
and
For a waveguide with dimensions a. b and II shown in Fig. 2 , the resonant frecluenry for a full wavelength TE102 modr is given by:
where c is the speed of light in vacuum. H/Q for the wavrguitlc is given by:
where ILO and cg arc respectively the permeability and prrrnittivity in free space. Obtaining we from the MAFIA calculation for the closed cavity-waveguide structure, we can solve for the mutual inductance m using Eq. 5. rT- Fig When the end of the waveguide is oprnrd to allow the outfIow of power, the ecluivalent circuit of the loaded cavity is shown in Fig. 3 , where 2~ is the impedance of a matchrd load at the end of the open waveguide.
If we assume the circuit parameters depend only very weakly on frequency, i.e., the mutual inductance m remains approximately the same when the wavcguide is open, the loaded Qr. value can be calculated by:
As an example, we can estimate QI, for the cavity-waveguide strurturc shown in Fig. 3 with the simple mrt~hod just outlined. The closed cavity parameters calculated from 'MAFIA are fR = 11.341 GIIz, Q = 3.672 x IO". ~l(shunt) = 5.37 x 10s It, and n/Q = 146.21 0.
Using these numbers the cavity inductance is calculated from Eqs. 5 and 6 to be Lt = (R/Q)/wn = 1.97 x 10mg H.
For a finite section of a rectangular W'RQO waveguide with the dimensions a = 1.016 cm, b = 2.286 rm, and h = 2.488 cm, we find f2 = 13.727 GHz, and Lz = 1.086 x lo-" II.
Substituting the above numbers into Eq. 5, we calculate the mutual inductance to be m = 2.42 x IO-lo 11.
The matched impedance of the WI190 waveguide is given by:
Using Cq. 10 we lint1 the loaded (21, value of the structure to be 210. In the next section we will use a completely different and perhaps more physically intuitive method of calculating the loaded Q value. For comparison, the loaded QL from the electromagnetic field approach is 220, which differs only by 5% from the equivalent circuit approach. A criterion for the accuracy of the equivalent circuit approach can be obtained by calculating R/Q from the expression:
the end of the waveguide and the cavity. Lrt, us assume that the dominant rcllcction at the cavity side is at the iris opening. W'e can express the forward wave E,/ at y = yr by the outgoing electric field I: E,f exdh) = I 1 + p exp( -2iO) where p is the reflection coefficient at the iris, k = 2rr/X is thr wave number and +'J = kh is the phase shift in a single transition of the wave along the waveguide section. Equation (13) expresses the forward elrrtric field Ezf at y = yr as a function of two unknowns: the outgoing electric field I and the iris reflection coeIIicicrrt p. To find these variables, we shall assume that they are not strongly frequency dependent around the cavity resonance frequency. Since each LTAFIA run gives only one value of E,,,, we need two runs with slightly different wavrguidc heights in order to solve for the two variables I and p. Utilizing Eq. (13) for the two cases, we can write the outgoing electric field I as:
where 
cavity shown in Fig. 4 . where (R/Q)C is the value of R/Q for the closed cavity.
The Q value of a waveguide loaded cavity can be found once the electric field of the outgoing travelling wave is determined. As noted earlier, however, 3-D frequency domain codes are not capable of calculating the outgoing fields at the waveguide directly.
Rather than showing an outgoing traveRing wave, MAFIA code typically calculates a standing wave pattern in the waveguide because of the reflective metallic boundary at its end. We propose herein a method which relates the outgoing electric field for an open waveguide with the standing wave pattern for a closed waveguide.
To estimate these fields, we attach to the cavity a section a waveg- uide longer than a half wavelength, i.e., h > (X/2). A typical standing To demonstrate the above algorithm, we first return to the highwave pattern of the axial field E, along the axis of the waveguide is Q cavity shown in Fig. 4 . Terminating the waveguide 2.49 cm away shown in Fig. 5 . W'c note in this figure the finite value of E, at the from the iris opening, we use M.4FI.4 to calculate the electric fields iris, or entrance from the cavity to the waveguidc, and the zero of E, along the waveguide axis, and the results are shown in Fig. 6 . From at the closed end, y = h. At y = yt, the field has a local maximum this run we calculate E,J~ and 41 to be: E,fr = -5.5523 m-' and E, = Ema,, half of which is going forward with an amplitude E,f, It is therefore of partirlllar i~~tc,rrst to WC thr wtrnt to which the methodologies discussrd in tlrcv pr('vious srctions would be applicable to low-Q cavities; and how thr~ approarhcls could b(b used as computer aided tools in designing thcscb cavities. We ronsitlcr in the following two relativistic klystron cavitic75 and prcsrnt numerical calculations to compare with rsprrimc~ntal IIIC~LhlIrf'IllelitS.
Cast 1. Rrlativistic
Klystron Output Cavity with Qr. = 20 (Sl,.!)"
An output cavity designed by T. G. Lee for a relativistic klystron csprrimrnt currrnfly in progress at LLNL is shown in Fig. 7 . The cavity coupled to a WRDO waveguide is designed to extract power at 11.2 Gllz, and has been measured to have a loaded Q value of 20. For this low-Q cavity the simple assumptions in the erluivalrnt circuit approach lead to rather larger discrepancy between the calculated QL, and the measured value, since the consistency critrrion which WC have suggested before [Eq. (12) ] for the equivalent circuit method is not mrt. \Ve turn thrrcfore to the electromagnetic field approach to calculate the loaded Q for the output cavity.
n. For simplicity we first calculate the loaded Q ignoring tht' <mall discontinuity in the WRQO waveguide. \Ve have made two hlAFIA runs using a relatively coarse mesh for the cavity shown in Fig. 7 attached respectively to a l.O-inch and a 0.8.inch section of the WRQO waveguide. The results for the rlosed cavitywaveguide structures are shown in Table 1 , where F is the normalized forward amplitude defined as: F = (1/2)(E,,,,/V) = -16.343 m-l where the normalization factor V is given by Eq. (16).
Using the values in Table 1 , we calculate the normalized forward intensity from Eq. (14) to be 1 I I= 30.370 m-l.
The shunt resistance R related to the outgoing power fIow, given by Eq. (19), is thus 4323 0.
The shunt resistance R, of the closed cavity is 5.45 x 10" R, and the loaded shunt resistance RL, given by Eq. (201, Althongh each ciisrontinuily introdurc>d into the structure would cause an infinite number of rellrrtions and hence contriblltc to the clcctromagnrtic lit-Id at a given point thr net c,ffrct is to reduce the ~~luc, of Q1, only Iby abollt 2'X. r. 'I'hr accuracy of t trtx above calculation can br irnprov(~d 1,~ I('-peating the hlriFlh runs with a finer mesh. Thr rcslllt for tlli\ set of runs are ~umn~ari~~d in Tahlr 2. .1 plr)t of the) c+c.tric li(,lil in the rlos~l cavity is shown in Fig. 8 i\'o have applied the electromagnetic field method to the ralculation of Qezt for a transverse mode of a 17 GIIz slotted high gradient structurr (Fig. 10) . The IIGS was scaled from a test tuotlcl drsignrd by Palmer with the purpose of damping the transverse wakes. 11 dollble ridge waveguide was used to couple the transverse TE waves out of the cavity. A hIAFIA field plots for this structure is shown in Fig. 11 . Using the method described above, WE havr calculated a value of 9.1 for the wavcguidr loaded Q for the first transverse mode above the fulltlarncntal of this structure. While we have demonstrated that our method is applicable to such low-Q structures, we have also in the course of our analysis discovered several areas where the design of the damped IIGS needs improvement. Among these include the proper design of the double ridge wavcguidc so tha.t its cutoff frequency is below those of the damaging tra.nsverse modes. It is important however that the cutoff frequcllry must be above the fundamental, so that t,he power associated wit11 the accelerating mode stays within the structure. Fig. 12 shows the cutoff frequency of the double ridge waveguide as a function of the gap size. other dimensions being kept constant. In addition, a transverse mode ( Fig. 13) with a frcrjucnry IOH.C'I than the fundamental was f01Jr1t1 for the strurtnrr shown in Fig. IO . The existence of such a mode is clearly not tolerable since it would render futile the concept of damped ITGS. Currently we are investigating several alternate designs in order to eliminate this low-freclurnry transverse mode, while prrsrrving the slulnt impcdanrr and the field structure of thr fundamental JllOtle. 
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